complete clinical response and sustained virologic response in 7 of 9 patients (78%). 17 In another open-label study, 86 patients with cryoglobulinemic vasculitis were treated with peginterferon alfa and ribavirin for 6 or 12 months, depending on the HCV genotype. 18 All patients infected with HCV genotype 1 or 4 were given the drug combination for 12 months; only 36% had a sustained virologic response. Of the patients infected with HCV genotype 2 or 3, who underwent 6 months of therapy, 64% had a sustained virologic response. A complete and lasting disappearance of clinical symptoms was recorded in 88% of the patients with a response. Treatment of longer duration (up to 48 weeks for patients infected with HCV genotype 2 or 3 and 72 weeks for patients infected with HCV genotype 1 or 4) has been proposed when improvements in clinical and laboratory measures, but not a complete virologic response, are achieved. 16 Renal function should be evaluated in all patients before ribavirin is administered for the treatment of cryoglobulinemic vasculitis. Patients with a creatinine clearance of less than 50 ml per minute and those undergoing hemodialysis are not eligible for treatment. Patients with renal impairment should be monitored for the development of hemolytic anemia, and the daily dose of ribavirin should be adapted to the glomerular filtration rate. 41 If the serum creatinine level increases to more than 2.0 mg per deciliter (177 μmol per liter), therapy with peginterferon alfa and ribavirin must be discontinued. Whether ribavirin can be replaced with one or more of the new direct-acting antiviral agents, which do not require dose adjustment in patients with chronic renal disease, 42, 43 has not been established.
Several host and viral factors predictive of a poor response or no response to peginterferon alfa and ribavirin have been identified -namely, obesity, hepatic steatosis, insulin resistance, alcohol consumption, drug abuse, advanced age, male sex, African-American ethnic background, high viral load, advanced liver fibrosis, and infection with HCV genotype 1 or 4. 44 Moreover, geneexpression profiling performed on liver-biopsy specimens obtained before therapy has shown the up-regulation of a specific set of interferonstimulated genes in patients with treatment-resistant disease. 44, 45 In addition to the modification of factors susceptible to correction (e.g., obesity, alcohol consumption, and drug abuse), the identification of conditions associated with low response rates qualifies these patients for treatment with the combination of peginterferon alfa, ribavirin, and the new direct-acting antiviral agents, possibly preceded by a 4-week lead-in period of therapy with peginterferon alfa and ribavirin only.
At least a few of the above-mentioned host and viral factors, and probably additional ones, may also influence the response to treatment and account for the poor prognosis, including death, in some patients with cryoglobulinemic vasculitis. Infections, often exacerbated by immunosuppressive treatments, are now considered to be the most common cause of death in patients with severe and rapidly progressive cryoglobulinemic vasculi- On their capture of HCV viral particles and HCV core protein through recognition receptors (C-type lectins and toll-like receptors [TLRs]), dendritic cells release B-cell-activating factor (BAFF) of the tumor necrosis factor family. V H 1-69+ B1 cells and marginal-zone B cells capture both HCV viral particles and core protein by means of glycosaminoglycans (GAGs) and the scavenger receptor SR-B1 and CD-81 molecule, in addition to C1q receptor (C1qR) globular domain and B-cell receptor (BCR). These cells are highly responsive to BAFF, which delivers a powerful survival signal through BAFF receptors and plays a key role in sustaining the clonal expansion of B cells 8 ; these cells synthesize large amounts of IgM with rheumatoid factor (RF) activity. IgM RF molecules bind HCV viral particles, resulting in the formation of cold-precipitable, multimolecular immune complexes that are good acceptors of C1q protein; this, in turn, leads to their specific binding to endothelial cells through the C1qR. This receptor is proteolytically cleaved, released from the cell surface, and shed in the plasma as a bioactive molecule that circulates as a multiligand protein containing both C1q protein and HCV core protein at two distinct regions of its globular domain. 9 The ensuing complement activation is evidenced by the presence of the C4d fraction. The binding of immune complexes to C1qR globular domain on the surface of endothelial cells generates vasoactive peptides from the complement system and favors the recruitment of inflammatory cells (i.e., neutrophils), which mediate a leukocytoclastic vasculitis. The model also suggests that activated dendritic cells trigger the expression of B-cell chemoattractant CXCL13, 10 which attracts CXCR5+ cells in the skin and liver. The arrows pointing to the immunofluorescence patterns indicate linear deposits of CXCL13 protein (green) along collagen bundles in a skin-biopsy specimen and in a portal tract in a liver-biopsy specimen. The impaired regulatory control of B-cell growth supports an antigen-driven stimulation model in which aberrant B-cell variants potentially evolve into a frank B-cell non-Hodgkin's lymphoma. The percentages reflect our experience in treating 246 patients with chronic HCV infection and cryoglobulinemic vasculitis. The pathogenesis of rare manifestations is unclear. Hemorrhagic alveolitis may be due to vasculitis that involves small arteries, capillaries, and venules, resulting in interstitial lung fibrosis.
11 Small-and medium-vessel vasculitis accounts for gastrointestinal involvement. 12 Cryoglobulinemic vasculitis-induced cardiomyopathy probably reflects myocardial vessel disease; an association with B-cell non-Hodgkin's lymphoma and severe clinical manifestations has been recognized. 13 HCV-associated osteosclerosis may be caused by an imbalance of the osteoprotegerin-receptor activator of the nuclear factor κB ligand system.
14 Finally, a hyperviscosity syndrome, which is most frequent in type I cryoglobulinemia, develops as a product of the formation of macromolecular cryoprecipitating complexes. 15 tis. Conversely, the achievement of a sustained virologic response is invariably associated with marked clinical improvement and significantly reduced mortality. 46 Ne w Dir ec t-Ac t ing A n t i v ir a l Agen t s 49 Triple therapy consisting of telaprevir or boceprevir with peginterferon alfa and ribavirin has markedly increased the rates of sustained virologic response both among patients who have not previously received treatment and among patients who have not had a response to previous treatment regimens. In two phase 3 trials of these triple-therapy regimens in patients infected with HCV genotype 1 who had not previously received treatment, sustained virologic response rates were 68 to 75% -significantly higher than those obtained with peginterferon alfa and ribavirin alone. 50, 51 In previously treated patients, however, the extent of prior response to peginterferon alfa and ribavirin was found to strongly influence the effectiveness of triple therapy, with sustained viro-logic response rates ranging from approximately 30% among patients with no previous response to 85% among patients with a previous response and subsequent relapse. 48, [52] [53] [54] In a preliminary study, 21 patients with chronic HCV genotype 1 infection in whom treatment with peginterferon alfa and ribavirin had failed were randomly assigned to receive 60 mg of daclatasvir (an NS5A replication complex inhibitor) once daily and 600 mg of asunaprevir (an NS3 protease inhibitor) twice daily, either alone (group A) or combined with peginterferon alfa and ribavirin (group B) for 24 weeks. 55 Whereas 36% of patients in group A had a sustained virologic response at 12 and 24 weeks after treatment, all patients in group B had a sustained virologic response at 12 weeks, and in 90% of them the response was maintained at 24 weeks after treatment. Thus, the administration of the longestablished combination of peginterferon alfa and ribavirin together with new direct-acting antiviral agents seems essential for achieving high rates of sustained virologic response. Furthermore, treatment with interferon-sparing regimens or all-oral interferon-free regimens has also been reported to yield genotype-related high rates of sustained virologic response; after treatment completion, response in these trials was evaluated at 12 weeks, as recently approved by the FDA for HCV drug trials, rather than at 24 weeks. 24, 25, 30 On the basis of the above-mentioned observations on the effective use of triple therapy in Established drugs are shown in white. [16] [17] [18] [19] [20] [21] Drugs for which phase 3 clinical studies or uncontrolled observational data are available are shown in yellow.
22-27 Promising therapeutic agents, the clinical application of which has so far been limited to exploratory studies or must await the results of phase 1-2 studies or of randomized, controlled trials, are shown in pink.
28-34
The patients with chronic HCV infection, it was reasonable to anticipate that a similar regimen in patients with HCV-related cryoglobulinemic vasculitis would be equally effective in increasing the likelihood of a sustained virologic response. However, because patients with cryoglobulinemic vasculitis are often older than 50 years of age, anemia was expected to be an important side effect of combining peginterferon alfa and ribavirin with a direct-acting antiviral agent. This topic has been addressed in a recently published article. 22 In an open-label, prospective cohort study, 23 HCV genotype 1-positive patients with cryoglobulinemic vasculitis were treated with the triple-therapy combination of peginterferon alfa and ribavirin with either telaprevir or boceprevir. At week 24, HCV RNA was undetectable in 70% of the patients, and a complete clinical response was achieved in 57% of the patients. In addition, the serum cryoglobulin concentration decreased significantly in conjunction with a significant increase in the C4 complement level. However, a high rate of hematologic side effects (mainly grade 3 and 4 pancytopenia) was recorded. Similar preliminary results have been published in an abstract 23 by another group. A cohort of 35 HCV genotype 1-positive patients with cryoglobulinemic vasculitis and advanced liver disease who had not had a response to therapy with peginterferon alfa and ribavirin were treated with the tripletherapy combination of peginterferon alfa, ribavirin, and boceprevir. Patients were assessed at monthly intervals for a mean duration of 34 weeks. Serum cryoglobulin became undetectable in 79% of these patients, and clinical features markedly improved. Side effects were not specified.
A n t igen-Dr i v en B-Cel l Prol ifer at ion a nd Ther a peu t ic Del e t ion of B-Cel l Cl ona l i t ie s
Clonal expansions of IgM rheumatoid factorproducing B cells in HCV-positive patients with mixed cryoglobulinemia have been reported since 1995. 56 HCV RNA genomic sequences have been detected and quantified in intrahepatic B cells isolated from patients with chronic HCV infection, some of whom have had type II mixed cryoglobulinemia. 57 Intrahepatic B cells have been shown to be capable of spontaneously synthesizing rheumatoid factors that display a major cross-reactive idiotype, designated WA. 58 This finding suggests a direct role for HCV in sustaining an in situ B-cell expansion 59,60 that preferentially involves rheumatoid factor-producing cells.
Consequently, the deletion of B-cell clonalities may provide a rational approach to treatment. It is well known that CD20 antigen, a transmembrane protein, is selectively expressed on pre-B and mature lymphocytes and that CD20-positive cells are expanded and activated in patients with cryoglobulinemic vasculitis. [61] [62] [63] Therefore, it was logical to propose the use of rituximab, a chimeric monoclonal antibody specifically directed against CD20 antigen, to treat patients with HCV-related cryoglobulinemic vasculitis that was refractory to conventional antiviral therapy or patients who have had a relapse of disease after therapy.
We evaluated a regimen of four weekly intravenous infusions of rituximab (375 mg per square meter of body-surface area) in 20 patients with HCV-related cryoglobulinemic vasculitis that was resistant to interferon alfa therapy. 19 This strategy resulted in a complete response of clinical and laboratory signs -that is, a reduction in the serum cryoglobulin level and a significant decrease in rheumatoid factor and in anti-HCV antibody titers -in 80% of the patients; in 75% of these patients, the remission was sustained throughout 12 months of follow-up. In addition, a marked depletion or even disappearance of peripheralblood B-cell clones was observed in the patients with a response. However, rituximab treatment caused a transient increase in HCV RNA levels, whereas levels of alanine aminotransferase were mostly unchanged (Fig. 1S in the Supplementary Appendix, available with the full text of this article at NEJM.org). Although the increased viral load decreased within a few months, and liver enzyme levels were not significantly affected, 64 close monitoring of these measures is warranted. 65 Zaja et al. 20 administered the above-described rituximab treatment together with medium-tolow doses of glucocorticoids in 12 patients with HCV-related mixed cryoglobulinemia. Clinical symptoms, as well as low-grade non-Hodgkin's lymphoma (occurring in 3 of the patients), significantly improved in most of these patients, and a complete response was achieved in 1 patient with membranoproliferative glomerulonephritis. Furthermore, the serum cryoglobulin level significantly decreased, and the viral load remained stable in most of the patients.
In a randomized clinical trial involving 24 patients with HCV-associated cryoglobulinemic vas- culitis who had not had a response to treatment with interferon alfa and ribavirin or who had had unacceptable side effects with this treatment, 12 patients were randomly assigned to receive rituximab at the above-mentioned dosage, and the remaining 12 continued to receive maintenance or increased immunosuppressive therapy. 66 At study month 6, a total of 83% of the patients in the group receiving rituximab had a complete response, as compared with 8% in the control group. Both cryoglobulin levels and the viral load decreased significantly in the rituximab group. De Vita et al. 67 conducted a long-term, randomized clinical trial involving 59 patients with cryoglobulinemic vasculitis in whom antiviral therapy had been unsuccessful or was contraindicated. In one group, patients were randomly assigned to receive two 1-g infusions (on days 0 and 14) of rituximab, with retreatment on the same schedule at relapse; the other group received conventional treatment (glucocorticoids, azathioprine or cyclophosphamide, or plasmapheresis). The proportion of patients who continued taking their assigned therapy at 12 months, which was the primary end point of the study, was significantly higher in the rituximab group (64.3%, vs. 3.5% in the conventional-treatment group); the difference remained significant at 24 months. Rituximab also decreased global disease activity. The median duration of the response to rituximab for all three target-organ manifestations (skin ulcers, active glomerulonephritis, and peripheral neuropathy) was 18 months. Changes in the HCV RNA load were not assessed. When patients in the conventional-treatment group who did not have a response were switched to the rituximab group, 61% of them had a response to treatment. A lower dose of rituximab (250 mg per square meter given twice 1 week apart) 68 was shown to be equally effective. In a study involving 23 HCVpositive patients with cryoglobulinemic vasculitis that was refractory to antiviral therapy, the overall response rate (79%) and side effects were similar to those observed with the higher dosage in the above-described study. 19 Cryoglobulin levels were lowest at month 12 after rituximab administration in patients with a clinical response, and there was no increase in the viral load.
Additional studies [69] [70] [71] [72] have addressed the issue of whether rituximab should be used, either alone or in combination with glucocorticoids or antiviral therapy. Because of the marked heterogeneity of these investigations in terms of study design, HCV genotype, previous treatment, rituximab dose, and concomitant therapy (Table 1S in the Supplementary Appendix), the results are not directly comparable and should therefore be considered with caution. Nevertheless, taken together, the findings support the efficacy, safety, and acceptable side-effect profile of rituximab in the treatment of patients with cryoglobulinemic vasculitis that is resistant to, or that relapses after, antiviral therapy.
In a study assessing the addition of rituximab to peginterferon alfa and ribavirin in order to improve response rates, the triple-drug regimen was administered to 22 HCV-positive patients with cryoglobulinemic vasculitis for 48 weeks; 15 additional patients with the same disease received peginterferon alfa and ribavirin without rituximab. 73 Follow-up proceeded for 36 months after the end of treatment. Among patients treated with the triple-drug regimen, the complete-response rate was 54.5%; among those who received peginterferon alfa plus ribavirin without rituximab, the rate was only 33.3% (P<0.05). Even more interesting were the following observations: in the large majority of patients with a response to the triple-drug regimen (83%), a conversion of B-cell populations from oligoclonal to polyclonal was identified by clonal analysis of B cells from the liver, bone marrow, and peripheral-blood compartments; in all patients who received the triple-drug regimen, the complete response was maintained throughout the follow-up period, whereas this was the case in only 40% of the patients in the control group; and no increase in the viral load was observed in patients who received the triple-drug regimen.
A similar prospective cohort study 74 showed that the addition of rituximab to peginterferon alfa and ribavirin resulted in a shorter time to complete clinical remission, greater efficacy with respect to renal involvement, a higher rate of cryoglobulin disappearance, and more effective clonal B-cell suppression, as compared with peginterferon alfa and ribavirin alone.
Whether rituximab should be administered to patients with cryoglobulinemic vasculitis as firstor second-line therapy remains to be determined. On the basis of clinical evidence from uncontrolled and nonrandomized studies, the combination of peginterferon alfa and ribavirin as first-line therapy is recommended for patients with mild-tomoderate disease activity, 75 A "wait and watch" strategy is suggested for asymptomatic patients in whom serum cryoglobulins are detected, unless the goal is viral eradication. Antiviral therapy combining peginterferon alfa and ribavirin is advised for patients with clinically symptomatic, mild-to-moderate CV mostly involving the skin. The addition of low-to-medium doses of glucocorticoids may help relieve symptoms. If severe organ damage is present (including nephropathy, peripheral neuropathy, or both), antiviral therapy should be integrated with a B-cell-depleting monoclonal antibody (rituximab or ofatumumab) and glucocorticoids. CV associated with B-cell non-Hodgkin's lymphoma may be treated with a rituximab-containing regimen as first-line therapy, with antiviral agents administered to prevent or reduce the risk of hepatic toxic effects and hepatitis flares. 77 For recurrent or resistant non-Hodgkin's lymphoma, a chemotherapeutic regimen such as fludarabine, rituximab, and cyclophosphamide may be required.
78 Rapidly worsening and life-threatening CV requires prompt therapeutic intervention, initially including a combination of glucocorticoids, plasmapheresis, and a B-cell-depleting monoclonal antibody. If necessary, the short-term administration of an immunosuppressive drug such as cyclophosphamide can be considered, but the risk of infectious complications should be taken into account. Once the emergency phase is over, combination antiviral treatment should be initiated. By analogy with the approach to the treatment of patients with chronic hepatitis C who do not have cryoglobulinemia, a triple-antiviral combination (peginterferon alfa, ribavirin, and either boceprevir or telaprevir) can be adopted to treat patients with HCV genotype 1 infection and patients with refractory or relapsing disease.
features of cryoglobulinemic vasculitis, such as skin ulcers and peripheral neuropathy. 16 However, for patients with active disease that is resistant to the antiviral agents, as well as for patients with life-threatening cryoglobulinemic vasculitis, the addition of rituximab or other B-cell-depleting monoclonal antibodies 26 can restrain the clonal expansion of a rheumatoid factor-producing B-cell subset. 75 This form of triple therapy should be accompanied by plasmapheresis and immunosuppressive therapy. Thus, as a general rule, the choice of the most suitable treatment for a given patient is based strictly on the level of disease activity and the extent and severity of organ involvement 16 (Fig. 4) .
Per sis ten t or R el a psed cr yo gl obul inemic Va scul i t is a f ter Suc ce ssf ul HC V T r e atmen t
As the duration of follow-up has increased, a new issue has emerged in the treatment of patients with HCV-related cryoglobulinemic vasculitisnamely, the persistence or relapse of cryoglobulinemic vasculitis in spite of a sustained virologic response to antiviral therapy. Levine et al. 79 HCV-related cryoglobulinemic vasculitis who had a relapse of vasculitis even though they had a sustained virologic response. Transcription-mediated amplification assays for HCV RNA remained consistently negative in both serum samples and cryoprecipitates. Tests for HCV RNA replication in peripheral-blood mononuclear cells were likewise negative. In most of the patients with relapse, the clinical manifestations of cryoglobulinemic vasculitis occurred shortly after discontinuation of antiviral treatment and mainly consisted of purpura and arthralgia, but they either were diminished in intensity or appeared only briefly; in three patients, however, the cryocrit and the clinical manifestations remained unchanged, and a B-cell lymphoma was eventually diagnosed in two of them.
In the typical circulating immune complexes isolated from HCV RNA-positive patients with cryoglobulinemic vasculitis, the virus seems to be the initial inciting agent that triggers the IgG antibody response and, subsequently, the production of a monoclonal IgM component with rheumatoid factor activity. 60 However, circulating immune complexes with a different immunochemical structure also can be envisaged in patients who are still positive for anti-HCV antibodies but have become negative for HCV RNA after antiviral therapy and who continue to have clinical and immunologic features of cryoglobulinemic vasculitis. How should these patients be treated? Since they are negative for HCV RNA, there is no reason to administer antiviral therapy. An obvious alternative would be to use low or medium doses of glucocorticoids, perhaps eventually turning to cyclophosphamide, rituximab, or ofa tumumab, 26 a humanized CD20 monoclonal antibody that targets an epitope distinct from the one recognized by rituximab.
A ddi t iona l Ther a peu t ic A pproache s t o Cr yo gl obul inemic Va scul i t is
In addition to the already established dual and triple combinations of antiviral drugs, new categories of direct-acting antiviral agents (Fig. 3) are under preclinical and clinical development. Novel biologic agents are also being developed for the treatment of cryoglobulinemic vasculitis. A short description of these incomplete and rapidly changing therapeutic approaches is provided in the Supplementary Appendix.
D oubl e-Filt r at ion
Pl a sm a pher e sis Therapeutic apheresis, a procedure generally performed for palliative purposes, can be useful in the treatment of patients with cryoglobulinemic vasculitis who have a hyperviscosity syndrome. 16 The underlying rationale is the possibility of removing both the cryoprecipitating proteins and the viral particles. Although multicenter, randomized studies comparing plasma exchange with either placebo or immunosuppressive therapy are still lacking, 81 strikingly positive results have been reported. 82, 83 In particular, double-filtration plasmapheresis allows the selective removal of pathogenic substances from plasma while preserving other, essential components. 83 In our patients with cryoglobulinemic vasculitis who have inveterate, indolent leg ulcers, double-filtration plasmapheresis has resulted in progressive scarring and eventual complete wound healing. Candidates for doublefiltration plasmapheresis are patients with late, refractory-stage cryoglobulinemic vasculitis, as well as those with earlier disease stages. The procedure can be used alone or in combination with antiviral therapy.
C onclusions
Our understanding of the cause and pathophysiology of HCV-related cryoglobulinemic vasculitis has progressed considerably in the past 15 to 20 years. Although improvements in treatment have also been made, only rarely is disease resolution achieved. The introduction of new antiviral protease inhibitors, new triple-therapy or even quadruple-therapy combinations, and new B-cell-depleting or B-cell-modulating monoclonal antibodies, as well as the possibility of using interferon-free regimens, will expand the panorama of treatment options for chronic HCV infection 84 and, consequently, HCV-related cryoglobulinemic vasculitis, making it possible to individualize the choice of therapy combinations according to the patient's treatment history and HCV genotype. 
